Flavivirus premembrane (prM) protein plays an important role in conformational folding of the envelope (E) protein and protects it against premature fusion in acidic vesicles of the Golgi network. Currently, molecular determinants on the prM protein ectodomain which mediate critical steps during the flavivirus assembly process are poorly characterized. In this study, bioinformatics analysis and alanine scanning mutagenesis showed that the amino acid triplet valine 76, tyrosine 78 and glycine 79 is absolutely conserved among flavivirus prM ectodomains. Triple mutations engineered at these residues in prM ectodomain of West Nile virus (WNV) completely abrogated virus infectivity. Site-directed mutagenesis of prM protein revealed that tyrosine 78 of the amino acid triplet was required for virus infectivity and secretion. The mutation did not affect folding, post-translational modifications and trafficking of the prM and E proteins. Ultrastructural studies using transmission electron microscopy confirmed that virus particle formation was blocked by tyrosine 78 mutation. Specificity of assembly defect conferred by tyrosine 78 mutation was demonstrated by positive and negative trans complementation studies. Collectively, these results defined tyrosine 78 as a novel critical determinant present on prM protein ectodomain that is required for flavivirus assembly. Molecular dissection of prM protein function provides the crucial knowledge much needed in the elucidation of flavivirus particle formation.
INTRODUCTION
West Nile virus (WNV), a member of the family Flaviviridae, is an emerging mosquito-borne virus that exploits birds as amplifying hosts (Hayes et al., 2005a; Komar et al., 2005) . WNV can infect and cause a broad spectrum of disease severity, ranging from fever to encephalitis and flaccid paralysis in both animals and humans (Hayes et al., 2005b; Sejvar et al., 2005) . The WNV genome comprises 11 kb positive-stranded RNA that is translated into a viral polyprotein and processed by viral and cellular enzymes to form three structural proteins [capsid (C), premembrane/membrane (prM/M) and envelope (E)] and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) (Chambers et al., 1990) .
During viral assembly, E and prM associate to form heterodimers before interaction with the nucleocapsid complex to generate immature virus particles (Lorenz et al., 2002; Zhang et al., 2003; Li et al., 2008) . The prM proteins are cleaved by host furin protease into M proteins to release the mature virions through exocytosis (Wengler & Wengler, 1989; Elshuber et al., 2003) .
The functional determinants for prM/M protein are largely undefined. Cryo-electron microscopy of immature dengue virus (DENV) and WNV showed that 60 spikes were arranged laterally on the virus surface, each spike constituting three prM-E heterodimers in close association at amino-and carboxyl-termini (Zhang et al., 2003 (Zhang et al., , 2007 . The mechanism that drives immature spike formation is still unclear. The interaction of E and prM is important for the proper folding and secretion of E protein as well as protecting E protein against premature acidification during the maturation process (Guirakhoo et al., 1992; Konishi & Mason, 1993) . Previous studies have indicated that transmembrane domains of flavivirus E proteins are involved in prM-E heterodimerization (Allison et al., 1999; Op De Beeck et al., 2003; Lin & Wu, 2005) . However, the functional residues of the prM that ectodomain mediate flavivirus assembly have yet to be identified.
In order to elucidate the functional residues of prM protein involved in virus assembly, the E protein-binding domain was mapped using a yeast two-hybrid truncation study. Alanine mutagenesis was performed on conserved amino acids of the envelope-binding domain of prM protein selected through a bioinformatic analysis. Our study demonstrated that a triple mutation at the prM ectodomain completely abolished WNV infectivity in mammalian and mosquito cells. Site-specific analysis revealed that tyrosine 78 of prM protein was absolutely required for WNV infectivity and assembly. The molecular, biochemical and ultrastructural analyses presented convincing evidence that alanine replacement at tyrosine 78 can interfere with virus particle formation.
METHODS
Cells and viruses. Baby hamster kidney (BHK)-21 cells and C6/36 cells were grown in RPMI1640 and L15 medium (Sigma) with 10 % FCS at 37 and 28 uC, respectively. West Nile virus (Sarafend) (WNV), a gift from E.G. Westaway (Sir Albert Sakzewski Virus Research Centre, Australia), was used as parental virus.
Antibodies. For immuno-detection of WNV prM and E protein and microscopic experiments, mouse anti-E mAb IgM H546 (Microbix) and rabbit polyclonal anti-prM/M (Imgenex) antibodies were used. Alexa488 and Alexa594-conjugated anti-mouse (IgG/IgM) or antirabbit secondary antibodies (1 : 1000) were also used in microscopy. Co-immunoprecipitation was performed using anti-flavivirus mAb 4G2 (Chemicon), anti-prM, mouse and rabbit isotype control (Santa Cruz) antibodies. Anti-actin mAb (Chemicon) was used for equal loading controls.
Cloning. Mutations were performed using QuikChange site-directed mutagenesis kit (Stratagene) in pGEM-T Easy vector (Promega) containing the first 1.3 kb of virus genome. The fragment was then excised with BsiWI and MluI (New England Biolabs) and ligated into the full-length cDNA of WNV (pWNV) generated earlier (Li et al., 2006) . The E/prM gene amplified from pWNV was cloned into pcDNA3.1/CT-GFP (Invitrogen) (pCT-E/-prM) with a stop codon. The mutation(s) was also engineered into pCT-prM to create pCT-Y78A/T7689prM. All clones generated were sequenced to ensure presence of mutation(s) and proper reading frame. All primers used for this study are listed in Supplementary Table S1 , available in JGV Online.
Transfection and stable cell lines. Stable cell lines were generated by transfecting the cells with 5 mg pcDNA3.1/CT-GFP, pCT-prM, pCT-Y78A or pCT7689A using Lipofectamine 2000 (Invitrogen) and selected using 500 mg geneticin ml 21 (Invitrogen).
Generation of mutant prM viruses. RNAs synthesized from pWNV/mutant prM clones using a RiboMAX RNA synthesis kit (Promega) were transfected as previously described (Li et al., 2006) . Briefly, BHK cells were electroporated with 25 mg RNA using a Gene Pulser apparatus (Bio-Rad) and resuspended in RPMI medium before incubation at 28 or 37 uC. The viruses were passaged twice in BHK/ C6/36 cells to generate virus stocks for downstream experiments. SDS-PAGE and Western blotting. The transfected/infected cells were harvested using lysis-M buffer containing protease inhibitors (Roche) and benzonase (10 U ml 21 , Merck) and quantified using the Bradford assay (Bio-Rad). Supernatants were concentrated using Vivaspin columns (100k MWO, Sartorius). Twenty-five micrograms of lysates were boiled in Laemmli buffer in presence or absence of 2-mercaptoethanol and resolved in 12 % SDS-polyacrylamide gels. Proteins were then transferred onto PVDF membranes, blocked with 5 % milk and incubated with anti-E, anti-prM or anti-actin antibodies overnight at 4 uC. This was followed by treatment with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies for 2 h at room temperature. The membranes were washed extensively with PBST (PBS containing 0.01 % Tween 20) and developed using the SuperSignal West Pico chemiluminescent system (Pierce).
Viral RNA assay. Supernatants were harvested from mock-infected and infected BHK or C6/36 cells. Viral RNA was extracted using QIAamp viral RNA kit (Qiagen) and reverse-transcribed using E-gene specific reverse primer and Superscript III reverse-transcriptase (Invitrogen). The prM gene was amplified from samples using Taq polymerase (Promega) with prM gene-specific primers. The amplicons were resolved by 1.5 % agarose gel electrophoresis and imaged using ChemiGenius2 software (Syngene).
Immunoprecipitation. The cells were either co-transfected with 3 mg pCT-prM/pCT-Y78A/T7689prM and 3 mg pCT-E plasmids or transfected with 5 mg pWNV/pY78A/T7689 RNA. At 48 h posttransfection, the cells were lysed with lysis-M buffer containing protease inhibitors (Roche) and benzonase (Merck) and clarified through centrifugation. Pre-cleared lysates were combined with Sepharose-G beads (Amersham Biosciences) with 4G2, anti-prM or isotype control antibodies and incubated for 3 h at 4 uC. The beads were then washed four times with PBST and complexes were eluted by boiling in Laemmli buffer. The eluates were analysed by SDS-PAGE and immunoblotting. For glycoprotein detection, the glycoproteins in the transfected lysates were isolated using phenylboronic acid-based resin (Clontech) according to the manufacturer's protocol and detected using anti-E or anti-prM antibodies.
Transmission electron microscopy (TEM). The infected/transfected cells were fixed with 4 % glutaraldehyde/paraformaldehyde (Merck). The samples were treated with 1 % osmium tetroxide (Electron Microscopy Sciences) before dehydration using increasing concentrations of ethanol. The LR white resin-embedded samples were sectioned (50-70 nm) and stained with 2 % uranyl acetate/lead citrate (TAAB Laboratories) before viewing using a JM1010 electron microscope (JEOL).
RESULTS

Effects of triple mutations of prM protein on virus infectivity
Yeast two-hybrid truncation study of E-protein binding domain demonstrated that amino acids 46-93 of prM protein were important for prM-E interaction (unpublished data). In order to define the functional clusters of prM protein that might influence virus particle assembly, CLUSTAL W analysis (http://www.ebi.ac.uk/tools/clustalw) of prM protein sequences from different flaviviruses was performed. Of the several conserved clusters identified among the mosquito-borne flaviviruses, the triplet of valine 76, tyrosine 78 and glycine 79 was chosen for characterization in this study (Fig. 1) .
To investigate the importance of these residues in virus replication, triple alanine replacements were engineered at the three identified positions in pWNV to produce mutant T7689. To determine the effect of T7689 mutations on virus infectivity, BHK cells were mock-transfected (Fig. 3a) . Prolonged incubation (up to 10 days) and sequential passaging of pT7689 RNA-transfected cells failed to yield any viable virus as confirmed by plaque assay and immunofluorescence microscopy (data not shown). To exclude temperature-sensitive phenotype, the transfected cells were also incubated at 28 u C. Fig. 2 (i-vii) also shows the transfection efficiency observed when cells were incubated at 28 u C. The experiment was also duplicated using C6/36 cells 
Effects of point mutations of prM protein on virus infectivity
To further delineate the critical residue(s) responsible for the loss of virus infectivity, mutant viruses (V76A, Y78A and G79A) carrying single point mutations at position 76, 78 or 79, respectively, were generated. A mutant virus with alanine substitution at position 77 (R77A) served as positive control. As displayed in Fig. 1 , arginine 77 is a hypervariable residue among the flavivirus prM proteins and is postulated to be able to withstand mutation at this site. The supernatants from mock-transfected To exclude the possibility of temperature-sensitive phenotype, the above experiment was also repeated at 28 u C in BHK cells . No virus infectivity was detected in cells infected with supernatant from Y78A RNA-transfected sample [ Fig. 2(xx) ]. In addition, we also examined the impact of these point mutations on virus infectivity in C6/36 cells [ Fig. 2(xxv-xxviii) ]. With the exception of Y78A mutant [ Fig. 2(xxvii) ], all other mutant viruses retained their abilities to infect mosquito cells. Results obtained from immunofluorescence analysis of infected C6/36 cells were consistent with the previous observation in infected BHK cells. This showed that single mutations at valine 76, arginine 77 or glycine 79 did not influence the WNV infectivity in either BHK or C6/36 cells.
In contrast, mutation at tyrosine 78 failed to initiate any detectable infection in BHK and C6/36 cells, even with prolonged incubation or sequential passaging (data not shown). Since E protein expression was detected in lysate of pY78A RNA-transfected cells [lane 7, Fig. 3a(i) ], the impaired viral infectivity was not attributed to dysfunc- CLUSTAL W sequence analysis of WNV Sarafend (Sarafend) (GenBank accession no. AY688948) prM protein was aligned against the protein sequences from flaviviruses WNV Wengler (Wengler; NC_001563), WNV New York (NewYork; DQ211652), Kunjin virus (Kunjin; D00246), Japanese encephalitis virus (JEV; NC_001437), Murray Valley encephalitis virus (MVE; AF161266), dengue 2 virus (DEN2; NC_001474), dengue 3 virus (DEN3; NC_001475), dengue 4 virus (DEN4; NC_002640), Langat virus (Langat; NC_003690) and tick-borne encephalitis virus (TBE; NC_001672). The boxes indicate the locations of highly conserved amino acids discussed in this study. *, Highly conserved amino acids; :, semi-conserved amino acids. tional virus protein translation. As no virus infectivity was observed for pY78A RNA-transfected BHK cells at either 37 or 28 u C, the mechanism of defective virus production also was not attributed to thermolability conferred by Y78A mutation. These results indicated that the mode of virus abolishment was temperature-independent.
Effect of mutations on virus secretion
To further investigate the effects of point mutations on virus secretion, extracellular viral E protein and RNA in the supernatants and cell lysates were measured. At 5 days post-transfection, viral E protein and RNA were extracted from supernatants and whole-cell lysates were harvested from mock-transfected, pWNV, pV76A, pR77A, pY78A and pG79A RNA-transfected BHK and C6/36 cells. Immunoblotting of lysates using anti-E antibody showed that E protein (~50 kDa) was expressed at similar levels in all transfected BHK (37 and 28 u C) and C6/36 cells [ Fig.  3a(i-iii) ] when compared with the actin loading control. In contrast, E protein band was only detected in the supernatants of pWNV, pV76A, pR77A and pG79A RNA-transfected BHK and C6/36 cells [ (Fig. 3a(i-iii) , lanes 2-5)]. No E protein secretion was detected for samples derived from pT7689 (lane 6) and pY78A (lane 7) RNAtransfected and mock-transfected cells (lane 1).
The presence of viral RNA in the supernatants was also detected by amplification of the prM gene. Fig. 3b(i-ii) shows that viral RNA secretion was detected in pWNV-, pV76A-, pR77A-and pG79A-RNA-transfected BHK (37 and 28 u C) and C6/36 cells [ Fig. 3b(iii) , lanes 2, 3, 4 and 6] while prM gene was not amplified from pY78A and pT7689 RNA-transfected cells [ (Fig. 3b(i-iii) , lanes 5 and 7)]. At this point, results from viral E protein and RNA secretion assays indicated that virus secretion was impaired in pY78A and pT7689 RNA-transfected cells.
Effect of T7689 and Y78A mutations on furin processing
Previous studies have shown that alteration in the furin cleavage site can negate virus infectivity (Wengler & Wengler, 1989; Elshuber et al., 2003) . Although tyrosine 78 is located upstream of the furin cleavage site of WNV prM protein, it is premature to exclude the possible proximal influence of tyrosine 78 in furin processing. A defect in furin processing might account for the impaired virus secretion detected in previous assays (Fig. 3) . To determine the furin processing of the defective mutants, lysates derived from pWNV, pT7689 , pV76A, pR77A, pY78A and pG79A and stained with anti-E antibody. Supernatants were transferred to infect fresh BHK cells, incubated at 37 (viii-xiv) or 28 6C (xv-xxi) and fixed at 18 h p.i. Similarly, the supernatants were used to infect C6/36 cells and fixed at 48 h p.i. (xxii-xxviii). All cells were probed with anti-E antibody and DAPI (nuclei staining). The fluorescence observed is representative of E protein expression/virus infectivity. and pY78A RNA-transfected cells were immunoblotted with an antibody generated against M protein (Imgenex) which can detect both prM and M proteins. As depicted in Fig. 4a , both prM and M bands were readily detected in pWNV, pT7689 and pY78A RNA-transfected cells. This demonstrated that prM processing in Y78A and T7689 mutants remained unaffected by the mutations.
To investigate if the tyrosine 78 mutation interfered with the oxidative folding of prM and E proteins, lysates from pWNV, pT7689 and pY78A RNA-transfected cells were analysed by SDS-PAGE under reducing and non-reducing conditions (Fig. 4a) . For prM, a distinct change in electrophoretic migration was observed between reducing and non-reducing samples. The change in M proteins was minimal and this was probably due to the absence of disulphide bonding. However, the mobility of the bands was identical for WNV, T7689 and Y78A prM proteins. Similarly, the shift in migration of E proteins was detected, but it remained indistinguishable between WNV and mutant samples. This indicated that disulphide bonding was formed normally in both prM and E proteins in spite of the mutation(s). The effect of the mutation on glycosylation of prM and E proteins was also examined by detection of prM or E proteins in glycoprotein pools isolated from RNAtransfected cell lysates using phenylboronic acid resins. Fig.  4c shows that prM and E proteins from Y78A and T7689 mutants were functionally glycosylated.
Ultrastructural analysis of mutant prM viruses
To further decipher if the mutations affected the assembly of mutant prM viruses, TEM analysis of BHK cells infected with supernatants derived from RNA-transfected cells was performed. As shown in 
Effect of Y78A mutations on subcellular localization of prM protein
To evaluate whether the Y78A mutation distorted colocalization of prM and E proteins or intracellular distribution of prM protein, pWNV and pY78A RNA-transfected cells were treated with ER tracker or transduced with Golgi-RFP baculovirus (NGAT2-RFP) before fixation and staining with anti-prM or anti-E antibodies. As depicted in Fig. 6a , colocalization of prM and E proteins was similar in both pWNV and pY78A-transfected cells. Distribution of WNV and Y78A prM proteins in the ER (Fig. 6b) and Golgi apparatus (Fig. 6c) were also observed to be similar. No distortion in subcellular distribution of E proteins was observed when the experiment was repeated to visualize the impact on localization of E proteins in ER and Golgi apparatus. (Supplementary Figure  S2 , available in JGV Online). Collectively, these data confirmed that tyrosine 78 mutation did not induce abnormal localization of either prM or E proteins.
Positive and negative complementation studies
To demonstrate that the assembly defect of T7689 and Y78A prM mutant viruses can be rescued by transcomplementation using prM protein, prM-BHK cells were transfected with pWNV, pT7689 or pY78A RNA, and E protein expression was detected [ Fig. 7a(i-iii) ]. From Fig.  7a , supernatants harvested from transfected cells exhibited virus infectivity in the first round of infection in BHK cells [ Fig. 7a(iv-vi) ]. This clearly showed that the assembly defect of T7689 and Y78A mutants truly resided in prM protein as the virus infectivity was restored with a prMstable cell line. This also eliminated the possibility that the defective phenotype was caused by inactivating serendipitous mutations that may occur in other parts of the virus genome. Moreover, the supernatants harvested from the first round infection failed to initiate the second round of infection in new BHK cells [ Fig. 7a(viii-ix) ]. This further confirmed that the Y78A mutant is incapable of initiating virus production in the absence of functional prM protein.
To reaffirm the defective property of tyrosine 78 mutation, we repeated the above experiment in BHK cells that stably expressed Y78A prM protein (Y78AprM-BHK). As shown in Fig. 7(b) , virus was not recovered in BHK cells infected with supernatants harvested from pY78A [ Fig. 7b(v-vi) ] or pT7689 RNA-transfected Y78A-BHK cells [ Fig. 7b(ii-iii) ], despite the presence of virus proteins. Similarly, initiation of second round infection was not observed in normal BHK cells [ Fig. 7b(viii-ix) ].
To further investigate if virus secretion was restored in positive complementation, the supernatants were harvested from pWNV, pT7689 and pY78A RNA-transfected prM-BHK cells for E protein and RNA detection. As shown in Fig. 8a(i) and 8b(i), E protein (lanes 2 and 3) and RNA secretion (lanes 2 and 3) were restored. Conversely, extracellular E protein (lanes 2 and 3) and RNA (lanes 2 and 3) [ Fig. 8a (ii) and 8b(ii)] were not detected in supernatants derived from pT7689 and pY78A RNAtransfected Y78AprM-BHK cells. These results are consistent with the complementation data (Fig. 7) . 
Effect of Y78A mutations on prM-E interaction
The prM-E interaction is crucial for virus particle formation. To address if the tyrosine 78 mutation can deter prM-E association, co-immunoprecipitation was performed using lysates obtained from BHK cells cotransfected with pCT-prM/pCT-E or pCT-Y78AprM/pCT-E plasmids [ Fig. 8c(i) ] or pWNV and pY78A-RNA transfected cells [ Fig. 8c(ii) ]. Anti-flavivirus 4G2 mAb was used, as conjugating anti-E H546 IgM to agarose L was not successful for co-immunoprecipitation. As shown in Fig.  8c(i) , E and prM proteins were detected in eluates from coimmunoprecipitation performed using 4G2 or anti-prM antibodies. Isotype antibodies did not precipitate any prM or E proteins [ Fig. 8c(iii) ]. This clearly demonstrated that heterodimerization of prM-E proteins was not disrupted by tyrosine 78 mutation.
DISCUSSION
During flavivirus assembly, prM and E proteins undergo heterodimerization at the ER to form immature virus particles (Wengler & Wengler, 1989; Elshuber et al., 2003) and subsequently are cleaved by host furin enzyme in the Golgi network to form the mature virus (Stadler et al., 1997; Elshuber et al., 2003) . The virus-like particles can form independently of other virus proteins, as demonstrated by the co-expression of JEV and Kunjin prM-E proteins in cell cultures (Lin and Wu, 2005 ; Yoshii et al., 2008). These studies clearly indicated that determinants must be present in prM or E proteins to direct virus assembly.
Since E proteins are coated with prM proteins during the assembly process, we speculated that prM protein might play a crucial role in directing the biogenesis of virus particles. However, the functional residues of prM protein involved in flaviviruses morphogenesis are poorly defined. Mutagenesis study of T7689 mutant revealed for the first time that tyrosine 78 is a critical molecular determinant for WNV infectivity and assembly. In contrast, mutations at valine 76, arginine 77 or glycine 79 did not affect virus infectivity, secretion and assembly (Figs 2, 3 and 5), even though slower growth kinetics of V76A and G79A mutants were observed in C6/36 cells (Supplementary Figure S3 , available in JGV Online).
The initial investigation to dissect the basis of the defective property of Y78A mutant revealed that virus secretion was impaired by alanine replacement of tyrosine 78 (Fig. 3 ). This coincided with another study that reported a significant reduction in E protein export in a furincleavage deficient TBE prM mutant containing a cysteine substitution at tyrosine 76 [Y76C] (Elshuber and Mandl, 2005) . This position is analogous to tyrosine 78 in WNV. Although Y76C TBE was not infectious when produced in BHK cells, it was infectious in suckling mouse inoculated with Y76C RNA. However, the mutant isolated from the mouse brain was only capable of initiating limited rounds (ii and iii) BHK cells were transfected with pWNV, pT7689 or pY78A RNA. The lysates were immunoprecipitated with anti-E/anti-prM/mouse isotype/rabbit isotype antibodies. The eluates were analysed by immunoblotting. Whole-cell lysates (WCL) were analysed as input controls. The figure shows that the mutation(s) did not abolish prM-E interaction.
of infection in BHK cells at 28 u C. On comparison, Y78A mutant contained a functional furin cleavage site and was non-infectious at 28 u C as supported by furin processing and low temperature recovery experiments performed in this study (Figs 2 and 4a) . Together, both studies indicated that replacement of tyrosine 78 of prM protein abolished virus secretion, at least in BHK cells. However, the TBE study has yet to address the concerns about the impact of cysteine mutation on folding, trafficking and interaction of prM and E proteins.
This study further delineated the functional importance of tyrosine 78 by examining the effect of alanine replacement on the properties of prM protein. The results from oxidative folding and glycosylation analyses demonstrated that the folding and glycosylation of prM and E proteins occurred normally, despite the introduction of the mutation. Microscopic examinations performed indicated that the mutation did not impede the functional trafficking of prM and E proteins to ER and Golgi networks, major sites for flavivirus protein synthesis and modification (Stadler et al., 1997; Lorenz et al., 2002) .
Previous research has shown that E protein requires cosynthesis of prM protein to achieve structural conformation whereas the prM protein is able to fold independently (Guirakhoo et al., 1992) . Correctly folded prM and E proteins are crucial for the heterodimerization process to form the precursor proteins for virus particle formation. Recent structural analysis of precursor fragment also implicated tyrosine 77 of DENV (equivalent to tyrosine 78 in WNV) as one of the residues that was involved in the hydrogen bonding between the E and prM proteins (Li et al., 2008) . In this study, co-immunoprecipitation experiments have demonstrated that prM-E interaction was not negated by tyrosine 78 mutation (Fig. 8c) . This further indicated that the mutation did not affect the chaperone activity of prM and maturation of E proteins. These data suggested that the impairment in virus export induced by tyrosine 78 replacement was due to a defect in a later stage of virus morphogenesis and release, and not attributable to disruption of prM-E heterodimerization at earlier phases of virus formation.
Other studies have reported that the assembly of flavivirus particles takes place in the ER and virus formation is often accompanied by formation of virus-induced structures such as paracrystalline arrays and vesicle packets (Ng et al., 1994; Mackenzie et al., 1999; Mackenzie & Westaway, 2001) . No distinct virus particles or virus-induced complexes were observed in TEM imaging of T7689 and Y78A prM mutants. This implied that the virus assembly was affected by the mutation and the defect must have occurred after prM-E binding.
The assembly defect induced by tyrosine 78 mutation could be due to perturbation of oligomerization of prM-E heterodimers that constitute the virus spike in immature particles (Zhang et al., 2003) . The failure to detect E protein secretion suggested that the higher order rearrangement of prM-E heterodimers might be compromised. Another possibility is that tyrosine 78 could be involved in crosstalking to cellular host factors that are essential for virus assembly. Several host proteins such as COPI and COPII factors have been reported to be involved in poliovirus production and formation of replication complexes in picornavirus (Rust et al., 2001; Gazina et al., 2002) .
A similar interaction between prM proteins and the plethora of host proteins regulating membrane induction and trafficking is likely to exist. Removal of the tyrosine 78 residue could disturb the interactions with host proteins that are required for complete structural rearrangement of virus particles. Currently, the understanding of virus-host protein interactions of prM proteins is severely lacking. Yeast two-hybrid screening of the human brain cDNA library revealed that prM protein binds to several host proteins that have functions in cellular trafficking and translation machinery (unpublished data). Work is currently under way to characterize the possible significance of tyrosine 78 in prM-host interaction in flavivirus assembly.
The assembly defect conferred by Y78A mutation is specific because trans-complementation of functional prM restored virus secretion. It is of interest to mention that trans expression of Y78A prM exerted a modest dominant negative effect on WNV infection (less than 1 log reduction in virus titre) (Supplementary Figure S4 , available in JGV Online). This is probably due to the proximity advantage that the wild-type prM protein had over exogenous Y78A prM protein when expressed as part of the viral polyprotein.
In conclusion, this study identified tyrosine 78 as a novel determinant absolutely required for WNV assembly. It demonstrated that the assembly defect of Y78A mutant was attributable to a critical step in virus biogenesis that is independent of the functions currently known about flavivirus prM protein. Future characterization of the effects of tyrosine 78 on prM-host protein interaction may broaden the current understanding of flavivirus assembly.
